This paper investigates thermal and ventilation characteristics in a workstation area of an office building equipped with a personal environmental system. An under-floor air-conditioning system with and without a desk-mounted PEM (Personal Environmental Module) is compared. A tracer gas experiment using SF6 gas is performed to measure the local supply index and the room mean ventilation effectiveness. The particle image velocimetry is utilized to obtain quantitative velocity vectors in the workstation area for various supply air conditions. As a result, the local supply index in the workstation area is found to be increasing by operating a PEM, while overall room ventilation effectiveness remains the same. Flow visualization results show upward buoyant flows for a heating condition, and there is a need to adjust the angle of the PEM diffuser grille.
Introduction
Modern office buildings in Korea are mostly office-automated, and the building envelopes become more and more air-tightened. There are growing demands on comfortable indoor environment for office workers. It is not energy-efficient to maintain the entire office space continuously at a comfort level regardless of its occupancy. Moreover, a standard thermal comfort condition cannot satisfy all the occupants because of the personal differences in thermal preferences. Personal environmental systems have been considered to meet those needs. They can respond promptly to the changes of indoor thermal conditions, and can be controlled individually by occupants. In addition to the advantages in terms of energy consumption and thermal comfort conditions, the personal environmental system has a potential to improve ventilation characteristics in working areas. 1) Air change efficiency has been measured using a tracer gas by Sekhar et. Al 2) in a mechanical ventilated office building, and a similar tracer gas experiment was performed by Cho 3) to investigate the effect of diffuser type. Faulkner 4) measured contaminant removal efficiency as well as air change efficiency by desk-mounted task/ambient conditioning systems.
A personal environmental system is considered to be an extension of an under-floor air-conditioning system. Desk-mounted supply outlets (PEM: Personal Environmental Module) are operated in addition to floor-mounted air outlets (FTU: Floor Terminal Unit). Occupants can control the supply airflow rate and temperature through the PEM. The direction of the supply air can be also adjusted to provide fresh air to breathing zone directly.
It is the objectives of the present paper to characterize the airflow pattern in the space and ventilation performance by the personal environmental system, depending on the operating conditions such as the supply air temperature and the ratio of the airflow rate through PEM and FTU. Tracer gas experiments using SF6 gas have been performed to measure local supply August 19, 2002) index and room mean ventilation. The particle image velocimetry has been utilized to obtain quantitative velocity vectors in the workstation area depending on the angle of supply air grille. The flow visualization results indicate the dependency of the airflow pattern on the local supply index near workstation area.
Experimental Setup and Procedure
The dimension of the experimental chamber is 4.65x3.40x2.25m. There are four floor terminal units (FTU) at the locations shown in Fig. 1 , and four exhaust grilles at the same locations on the ceiling. The facial area of each FTU is 0.2x0.4m, and that of exhaust grille is 0.3x0.3m. A workstation table is located at the center of the room, and an outlet of the personal environmental module (PEM) is installed at the center of the working table, which has an opening area of 0.25x0.2m. The conditioned air by an air-handling unit (AHU) is supplied to the chamber through four floor terminal units (FTU) as shown in Fig. 1 via an under-floor plenum with a depth of 0.3m. The specifications of the air-handling units are shown in Table 1 . The temperature of the air from the plenum is further controlled by an electric heater of the PEM, and supplied to the workstation area. The percentage of the airflow rate through the PEM is adjusted by a damper at the outlet and is measured using a nozzle in the duct.
The experimental conditions are summarized in Table 2 . The left wall of the environmental chamber, as shown in Fig. 1 (a), is exposed to another controlled chamber, which provides outdoor weather conditions. Experiments have been performed for winter conditions. The outdoor air temperature was maintained at 0 o C, and the surface of the cold window surface was measured to be 11 o C. The size of the window is 3.0x2.2m. Another window, 2.5x1.7m, located at the longer wall, is exposed to a laboratory space maintained at 24 o C approximately. The temperature distributions in the chamber were measured using T-type thermocouples installed throughout the chamber. There are more thermocouples installed near workstation area than in the ambient area. The supply and exhaust air temperatures were also continuously monitored while the air-conditioning system was in operation.
The ventilation effectiveness was measured using a tracer gas technique. A step-down approach was utilized. The tracer gas of SF6 was introduced through the air-handling unit using a solenoid valve. The exhausted air was not recirculated to the chamber. Before taking a concentration data, an internal fan was operated for 15 min to mix the tracer in the chamber. A multi-channel gas monitor was used to measure transient concentration variations simultaneously in the room. The monitoring points are shown in Fig. 1 .
Airflow patterns around the PEM were visualized using PIV. An Argon laser sheet was applied to the central cross-section of the PEM outlet vertically by a cylindrical lens at the end of a fiber optic cable. The plastic balloons were injected to the chamber using a particle seeder through the supply air duct. The diameter of the particles ranges 5-20 mm, and the density 30-65kg/m 3 . The particle images were analyzed by the cross-correlation method. The schematic diagram for the flow visualization experiment is shown in Fig. 2 .
Ventilation Effectiveness
After a step-down injection, the tracer concentration responses at the monitoring points are shown in Fig. 3 . The ratio of the airflow rates to FTU and PEM is 50:50 for this experiment (Case II). The total airflow rate is the same with that of Case I, which supplies air through FTU only. The initial concentrations, approximately 50ppm, decay exponentially at the monitoring points. The decay rate is different from one point to another.
The local mean ages at the individual points and the room mean age are calculated according to the following equations. 
where C o is the initial concentration of a step-down procedure, and C p (t) and C ex (t) are the time-wise concentrations at a point P and at exhaust individually. The bracket stands for a room average value of the local mean ages. Fig. 4 shows the calculated local mean age distributions for Case II in comparison with Case I. The numbers in parenthesis are local air supply indices, which are defined as the ratios of the local mean ages to the nominal time constant.
where t n is the ratio of the room volume to the volumetric airflow rate. The local air supply index ranges from 0.51 to 0.58, which is slightly greater than the case of a complete mixing. With the PEM on, the local supply index at Point 1 (breathing zone) is improved, while those at other points remain almost the same. Fig. 5 shows the local mean age distributions for two different airflow rates to PEM (Case III and Case IV), when the diffuser angle is zero. The airflow rate to the PEM is 50% of the total for Case III, and 30% for Case IV, while the total airflow is maintained constant. It is hard to find any improvement in local mean ages for these conditions compared to Case I. There are no significant changes in overall room ventilation effectiveness also.
Temperature Distributions
The temperature distributions measured in the experimental chamber are shown in Fig. 6 . The temperatures are the values averaged over a period of one hour.
For Case I, the temperature in the horizontal plane is nearly uniform except in the region near the cold wall. The temperature near the left wall is below a setting temperature by 0.7-1.0 o C due to the draft from the cold window surface. For Case II, the temperature in the ambient zone is lower by approximately 2 o C compared to Case I, whereas the temperature in the task zone is nearly the same. For both cases, the PMV values are measured to be 0.02, which is very close to a neutral thermal sensation level. The location where the symbol of a solid triangle is shown in Fig. 6 indicates the location where PMV meter is installed. The fact shows there is a possibility of energy conservation in maintaining a thermally comfortable condition by controlling the ambient and task area temperatures separately. 
Flow Visualization
The particle images taken by a dual-frame video camera are stored in a computer, and they are analyzed by the gray scale cross-correlation method.
The correlation, G, is calculated for a small interrogation area of the frame at time t compared with that at time t+Dt according to the following equation. The displacement showing a maximum correlation is obtained for a given interrogation area.
[ ]
where f i and g i represent the pixel values of the first and the second frames of particle images respectively. The mean values are defined as i f , i g Fig. 7 shows velocity vectors obtained by the particle image velocimetry. The arrows indicate the directions and the magnitudes of the instantaneous air velocity vectors.
It shows the effect of the diffuser angle of the PEM on the flow field near workstation area. In Fig. 7a (Case II), it can be seen clearly that the main stream of supply air from the PEM moves through the breathing zone of a sitting occupant. When the diffuser angle is set at zero(Case III), the supply air does not reach the breathing zone, but moves upward because of the buoyancy force. That explains the reason why the local supply index at the breathing zone for Case III (0.50) is lower than that for Case II (0.58). The maximum air velocity in the vicinity of Point 1 (the location of a solid dot in Fig. 7 ) is 0.22m/s for Case II, and 0.08m/s for Case III, respectively.
The airflow pattern near workstation area depends not only on the airflow rate but also on the direction of the supply air from the outlet. The airflow pattern around the workstation area greatly affects the ventilation effectiveness. It is important to maintain the air velocity from the PEM within the range of not creating local discomforts. Also it is important to maintain a proper airflow pattern in the workstation area to provide fresh supply air to occupants.
Conclusions
The ventilation characteristics and room airflow distributions have been investigated experimentally in a workstation area of an office building with a personal environmental system.
The thermal conditions are greatly influenced by the supply air conditions from the personal environmental module.
Room average ventilation effectiveness have been found to be 0.48-0.51, which is close to a complete mixing condition, regardless of operating the personal environmental module in addition to floor terminal units. By operating the personal environmental module, the local ventilation index at breathing level in the workstation zone is improved, while the rest of the room remain nearly the same.
For heating conditions, the thermal buoyancy can create upward moving flow of air depending on the supply air conditions. It is necessary to control the supply diffuser angle to increase the ventilation effectiveness around the workstation area..
Further researches are needed to investigate the thermal discomfort due to the local draft by the personal environmental module.
